ABSTRACT
INTRODUCTION
MIMO radio systems have attracted considerable interest and have been employed intensively due to its potential of achieving high data rates in multipath channel [1] . It is shown that when the multiple transmit and receive antennas are used to form a MIMO system, the system capacity can be improved by a factor of the minimum number of the transmit and receive antennas compared to a single-input single-output (SISO) system with flat Rayleigh fading or narrowband channels [2] . For high data rate wireless wideband applications, MIMO combined with OFDM is being considered in a large number of current technology applications such as in IEEE 802. 16 d/e WiMax [3] . Indeed, MIMO-OFDM has attracted much attention because it can realize higher bit-rate and more reliable transmission. MIMO-OFDM can achieve excellent transmission performance over multipath fading channels by the OFDM technique, and can realize space division multiplexing (SDM) using multiple transmit and receive antennas. While OFDM has a great advantage of having simple equalization, it has an inherent drawback of PAPR [4] . In fact, the peak power of a signal is a critical design factor for band limited communication systems, and it is necessary to reduce it as much as possible. On the other hand, the PAPR limits seriously the power efficiency of the transmitter's High Power Amplifier (HPA). Thus, many techniques have been proposed to deal with the PAPR problem [5] [6] [7] [8] [9] [10] [11] . These techniques include amplitude clipping, clipping and filtering, coding, tone reservation, tone injection, active constellation extension, and multiple signal representation techniques such as partial transmit sequence, selected mapping, and interleaving. These techniques achieve PAPR reductions at the expense of transmit signal power increase, bit error rate increase, data rate loss and computational complexity increase. In similar fashion to SISO systems, MIMO-OFDM also suffers from the PAPR problem. Some recent works have investigated MIMO-OFDM PAPR reduction via selective mapping [12] , cross-antenna rotation and inversion [13] , unitary rotation [14] , polyphase interleaving and inversion [15] and optimal PAPR reduction [16] . In this paper, we proposed a general approach of MIMO-OFDM SOCP for reducing PAPR combining the SOCP SISO-OFDM and 2× 2 MIMO-OFDM solutions [17] , [18] . Indeed, the objective is to improve the reduction of the PAPR without any degradation of the BER [19] or the data rate and without sending any Side Information. To do so, we will add a generated corrective signal to the unused carriers of the standard. This paper is organized as follows. After having introduced work, sections 2 described respectively the MIMO-OFDM system and the proposed approach. In section 3, we presented our simulation results for IEEE 802.16d WiMax standard. Finally, section 4 summarized and concluded the paper.
SYSTEM DESCRIPTION AND PROPOSED APPROACH
At first, we presented the basic PAPR notions and OFDM signal characteristics that we need thereafter. In fact, in an OFDM modulation, we consider a block of N data symbols X k ሺ݇ ൌ 0, 1 … ܰ െ 1ሻ, gathered in an X vectors, and then will be transmitted in parallel such that each symbol (ܺ ) modulates a subcarrier ݂ ሺ݇ ൌ 0, 1. . . ܰ െ 1ሻ. The ܰ subcarriers are orthogonal, with ݂ ൌ ݇∆݂, where ߂݂ ൌ 1/ܶ and ܶ is the original symbol period. The resulting analog OFDM signal ‫ݔ‬ ሺ‫ݐ‬ሻ can be expressed as:
In real implementation, the digital transmission signal may be generated by the Inverse Fast Fourier Transform (IFFT) in the transmitter and restored by Fast Fourier Transform (FFT) in the receiver. The PAPR of the OFDM signal can be defined as:
Where ‫ݔ‬ ሺ‫ݐ‬ሻ is the time domain signal, ܶ is the OFDM symbol duration, ܰ is the number of sub-carriers, ‫ܧ‬ ሼሽ is the expected value and ‫ܧ‬ሼ|‫ݔ‬ሺ‫ݐ‬ሻ| ଶ ሽ is the average power of an OFDM
symbol. An OFDM symbol is formed by the superposition of many sinusoid signals of different orthogonal frequencies. Some of these subcarriers can add up constructively resulting in a peak, whose instantaneous power is much larger than the average power of the OFDM symbol. Statistically, it is possible to characterize the PAPR distribution (probability that PAPR exceeds given thresholdߛ) using complementary cumulative distribution function (CCDF). Indeed, the (CCDF) function is often used to characterize the probability that PAPR of an OFDM signal exceeds a given threshold (PAPR 0 ), which can be expressed as:
Since most practical systems deal with discrete-time signals, the maximum amplitude of ‫ܰܮ‬ samples of ‫ݔ‬ ሺ‫ݐ‬ሻ is reduced. Parameter ‫ܮ‬ denotes the oversampling factor. The case of ‫ܮ‬ ൌ 1 is known as critical sampling or Nyquist rate sampling, whereas values of ‫ܮ‬ 1 correspond to oversampling. It has been proved that ‫ܮ‬ ൌ 4 is sufficient for capturing the continuous-time peaks [20] . In this case, the discrete-time signal can be written as:
Where ܳ are the IDFT matrix of size ‫ܮܰ‬ scaled by ‫ܮ√‬ and ܺ the zeros-padding of ܺ by a factor ‫.ܮ‬ So the PAPR of the discrete-time signal ‫ݔ‬ is defined as:
To simplify the notations, we considered that ‫ݔ‬ and ܺ as oversampled vectors by a factor ‫.ܮ‬
MIMO-OFDM System
In all this paper, we considered a space-time block codes STBC MIMO-OFDM system To avoid non-linear distortions in power amplifiers and generation of undesired out-of-band radiation, the PAPR of all transmit signals should be simultaneously as small as possible. Since performance is governed by the worst-case PAPR, we define the PAPR for a MIMO-OFDM signal as the maximum of the PAPRs among all the parallel transmit antenna branches. PAPR at the one transmit antenna is defined as the ratio of the peak power to the average power of an OFDM signal in this branch. The MIMO-OFDM PAPR system can be expressed as [22] :
Where ܰ ் is the number of transmission antennas.
To evaluate the PAPR performance accurately from a statistical point of view, the complementary cumulative distribution function (CCDF) of the PAPR is used to describe the probability of exceeding a given threshold ‫ܴܲܣܲ‬ defined as (3). Our proposed strategy for PAPR reduction is to search an additive corrective signal ܿ in order to have PAPRሺx cሻ ൏ ܲ‫ܴܲܣ‬ሺ‫ݔ‬ሻ . This approach belongs to the additive signal methods for PAPR reduction. One way to find ܿ is to use optimization approaches, what is detailed in the next section.
Proposed Approach
The effectiveness of our proposed method is evaluated for WiMax systems. Thus, the performance evaluation is conducted in terms of PAPR reduction on WiMax systems based on the OFDM mode of the IEEE 802.16d specifications.
In this paper, we used 2x2 MIMO-OFDM as an example to introduce our idea but the proposed approach is not limited to the 2x2 system, and it can be generalized to any other similar systems (N Tx , N Rx with T x and R x 2). In fact, the strategy used is to add an artificial signal to unused carriers. The signal addition is achieved in frequency domain as presented in [17] and illustrated in Figure. 2. Thus, the PAPR of the resulting signal ‫ݔ(‬ ܿ) is given by:
In reality, the ideal method to reduce PAPR would be to minimize the maximum peak of the combining signal ሺx c ൌ x Q Cሻ while keeping constant the average power. This objective can be formulated mathematically by:
Where ‫ݍ‬ , ௪ is the k th row of ܳ . Indeed, SOCP is a convex optimization problem class that minimizes a linear function over the intersection of an affine set and the product of second-order (quadratic) cones [23] . Many free software solvers exist to solve the convex optimization problem among which SeDuMi, YALMIP, and CVX. For our simulations, we have chosen YALMIP.
PAPR Reducing in MIMO-OFDM Systems

Description of Tone Reservation Method for SISO-OFDM
Tone reservation (TR) is an efficient technique to reduce the PAPR of a multicarrier signal. This method is based on adding a data-block-dependent time domain signal to the original multicarrier signal to reduce its peaks. This time domain signal can be easily computed at the transmitter and stripped off at the receiver. For this technique, the transmitter does not send data on a small subset of subcarriers that are optimized for PAPR reduction [24] . The objective is to find the time domain signal to be added to the original time domain signal x such that the PAPR is reduced. If we add a frequency domain vector ‫ܥ‬ ൌ ሾ‫ܥ‬ , ‫ܥ‬ ଵ , … , ‫ܥ‬ ேିଵ ሿ ் to X, the new time domain signal can be represented as ‫ݔ‬ ܿ ൌ ‫ܺ‪ܶሼ‬ܨܦܫ‬ ‫ܥ‬ሽ , where c is the time domain signal due to C. The TR technique restricts the data block X and peak reduction vector C to lie in disjoint frequency subspaces (݅. ݁. , ܺ ൌ 0, ݊ ‫א‬ ሼ݅ ଵ , ݅ ଶ , … , ݅ జ ሽ and ‫ܥ‬ ൌ 0, ݊ ‫א‬ ሼ݅ ଵ , ݅ ଶ , … , ݅ జ ሽሻ. the ߭ nonzero positions in C are called peak reduction carriers (PRCs). Since the subcarriers are orthogonal, these additional signals cause no distortion on the data bearing subcarriers. To find the value of ‫ܥ‬ , ݊ ‫א‬ ሼ݅ ଵ , ݅ ଶ , … , ݅ జ ሽ, we must solve a convex optimization problem that can easily be cast as a linear programming (LP) problem. To reduce the computational complexity of LP, a simple gradient algorithm is also proposed in [24] and another one proposed in [17] , which is extended in this paper to the MIMO case.
Tone Reservation Method via SOCP Formulation for MIMO-OFDM
In the time-domain, each branch of the MIMO-OFDM system (figure 1) provides an output signal OFDM expressed as: 
According to equation (6) , the PAPR of MIMO-OFDM system is:
The objective of this method is to reduce the ‫ܴܲܣܲ‬ ெூெைିைிெ what mean reducing the ‫ܴܲܣܲ‬ ଵ and ‫ܴܲܣܲ‬ ଶ in a joint way. In a first time, our SOCP algorithm does not take into account the increase of mean power problem. So, the problem of PAPR minimization is equivalent then to the relations:
Equations (14) and (15) convex optimization problems are equivalent to one problem which can be formulated as a SOCP:
SIMULATION RESULTS
In order to validate our proposed PAPR reduction method, our results are compared with previously works [18] . In fact, the IDFT/FFT size of the WiMax signal was 256 and 56 unused tones were employed. Indeed, in the works [18] , a PAPR reduction has been obtained about 2.5 dB at the 10 -3 probability level achieved for the both antennas respectively. Our proposed approach, based on SOCP with unused tones as Reserved Tones without constraints, will improve this reduction about 5 dB at the 10 −3 probability level. In addition, and precisely when using CCDF of signal technique optimized with constraint mean power vs.ߛ, the PAPR was reduced about 6dB at the 10 −3 probability level. Figure 3 shows the CCDF of the PAPR of original and optimized signals for randomly generated QPSK symbols. MIMO-OFDM system uses two antennas with ܰ ൌ 256 carriers per antenna, among those, 56 unused free carriers (as in IEEE 802.16 d/e WiMax standard) which are used to add the corrective signal. We settled the oversampling factor ‫ܮ‬ ൌ 4. In fact, to evaluate the PAPR reduction performance, we concentrated on the complementary cumulative distribution function: this is why Figure 3 compares the PAPR CCDF of the original signal with that of reduced PAPR signal without any constraint.
To solve the convex optimization problem, a free software known as YALMIP is used. As we can see, the PAPR is reduced about 5dB at the 10 −3 probability level. However, adding a signal ܿ to signal ‫ݔ‬ to reduce the PAPR increases the transmit power. The relative increase mean power ‫,ܧ߂‬ due to PAPR reduction is defined as [17] :
This parameter must be as small as possible in order to be compatible with current power amplifiers and to avoid power amplification saturation. Indeed, it is clear that when the average power of the signal ‫ݔ‬ ܿ (numerator of eq.17) increases indefinitely with a constant denominator, we would have obviously a resulting PAPR of 0dB related to a signal which cannot be transmitted. Thus, the relative mean power must be upper bounded and can be written as:
That is
where ߣ ൌ 10 ം భబ . ߛ is a constant closely related to the characteristic of the power amplifier. The above condition can be added as a constraint in the optimization problem. Figure 4 plots the CCDF of the optimized signal for several ߛ values. As we can see, the PAPR decreases as ߛ increases. In fact, we have shown that the performances given by our approach, the PAPR can be reduced about 6dB at the 10 −3 probability level.
CONCLUSIONS
In this paper, we have been presented the significant improvements approved to MIMO-OFDM system based on the Tone Reservation method. We initially reformulated TR method in the form of a SOCP and taking into account the increase in the transmitted power generated by modelling SOCP, we added an additional constraint to control the increase in the transmitted power. Indeed, we have proposed a novel PAPR reduction approach for MIMO-OFDM based on SOCP. The proposed method is relatively simple, robust and precise and it achieved significant reduction in PAPR without transmitting any side information and without degrading BER and data rate at the same time.
To do so, we have used the unused tones of the standards to generate the corrective signal. We have shown that the performances given by our approach, the PAPR can be reduced about 6dB at the 10 −3 probability level. To avoid an increase of the relative mean power, we have added an additional constraint and the results still show significant gains on the CCDF of the PAPR. 
